Introduction
============

Stromal cells in tumors including fibroblasts, inflammatory cells and vascular cells are well-studied for their role in tumor growth.[@R1] On the other hand, little attention has been given to the role of adipose tissue (AT) in the development or progression of solid tumors. The putative causal relationship between excess adiposity (obesity) and cancer has ignited interest in the relationship between AT and cancer. Epidemiological studies sponsored by The National Cancer Institute have revealed that 34,000 new cases of cancer in men and 50,500 in women could be linked to obesity. These cancers are of diverse origin and include the breast, prostate, kidney, thyroid, colon, rectum, endometrium, esophagus and gallbladder.[@R2]

Adipocytes secrete numerous growth factors, hormones and other bioactive molecules that can directly influence the growth of cancer cells. For example, adipocytes produce estrogen, which may stimulate the growth of breast and endometrial cancers.[@R3] The satiety hormone leptin, also produced by adipocytes, acts as a mitogenic factor for colon, ovarian, breast and prostate cancer cells.[@R4]^-^[@R6] In contrast, adipocyte-derived adiponectin, which regulates fatty acid oxidation, inhibits breast cancer cell proliferation.[@R7] Adipocytes may also fuel tumor growth by providing a source for free fatty acids (FFAs). The β-oxidation of FFAs may offer an alternative to glycolysis and fulfill the energy requirements of rapidly proliferating malignant cells.[@R8] Moreover, FFAs might be used for the generation of building blocks incorporated into newly synthesized membranes or converted into lipid-based signaling mediators.[@R8]

Other than the direct effects of adipocyte-derived factors on tumor growth, subacute inflammation associated with increased adiposity may create a permissive microenvironment for the growth of cancer cells. Associations between cancer and inflammation are now well-established.[@R9]^,^[@R10] Inflammatory cells may stimulate the growth of cancer cells directly, or influence tumor angiogenesis by providing soluble growth and survival factors, matrix remodeling enzymes and other bioactive molecules that promote the growth and migration of vascular endothelial cells. For example, macrophages secrete many proangiogenic factors including vascular endothelial growth factor (VEGF), tumor necrosis factor α (TNF-α), granulocyte macrophage colony-stimulating factor (GM-CSF) and interleukins-1 and -6 (IL-1 and IL-6).[@R11]

In this mini-review, we will briefly synthesize what is known about the role of adipocytes and tumor progression. We will focus on the role of AT macrophages and mechanistic pathways involved in macrophage mobilization and polarization. We will explore how adipocytes, frequently overlooked as a central player in the tumor microenvironment, could play a prevailing role in driving processes related to tumor-associated inflammation and stimulation of tumor angiogenesis.

Adipose Tissue
==============

AT is located beneath the skin (subcutaneous AT), surrounding internal organs (visceral AT) and within the bone marrow. There are two types of AT: white adipose tissue (WAT) and brown adipose tissue (BAT). Whereas WAT is used for energy storage in the form of lipids, BAT is highly specialized for nonshivering thermogenesis due to high mitochondrial content and expression of the mitochondrial uncoupling protein-1 (UCP-1). Interestingly, recent data indicate existence of "beige" adipocytes possessing features of both white and brown AT and a distinct gene expression signature.[@R12]

Apart from its energy storage functions, AT is an important endocrine and immunologically active "organ." For example, AT secretes leptin, adiponectin, resistin, visfatin, TNF-α, IL-6, monocyte chemoattractant protein (MCP-1) \[also referred to as chemokine (C-C motif) ligand 2 (CCL2)\], plasminogen activator inhibitor-1 (PAI-1) and many other factors.[@R13] Whereas leptin and adiponectin are primarily produced by adipocytes, resistin, visfatin, TNF-α, IL-6, MCP-1 and PAI-1 are expressed by both adipocytes and AT-resident immune cells, in particular macrophages.[@R14]

In addition to adipocytes, AT harbors the stromal vascular fraction (SVF) composed of preadipocytes, fibroblasts, vascular endothelial cells and a heterogeneous population of immune cells. Among the AT-associated immune cells are mast cells, eosinophils, B cells, T cells and macrophages. Macrophages comprise the largest group of immune cells within AT and they are uniquely activated or polarized in obese AT depots.[@R15] In addition to clearance of dead or dying adipocytes, AT macrophages (ATMs) regulate matrix remodeling, angiogenesis and proliferation or differentiation of adipocyte precursors. In lean subjects, macrophages maintain adipocyte insulin sensitivity by secreting IL-10 which inhibits inflammatory mediators such as TNF-α.[@R15] In obesity, however, impaired cross talk between adipocytes and macrophages plays an important role in the pathophysiology of numerous co-morbidities, for example, insulin resistance.[@R16] Pro-inflammatory macrophages block insulin action in adipocytes by downregulating expression of the glucose transporter type-4 (GLUT4).[@R17] Notably, a compensatory rise in insulin release may be associated with cancers of the breast, colon, endometrium, kidney and pancreas.[@R3] This may be due to the well-known ability of insulin to induce the intracellular PI3K/Akt signaling pathway involved in cell proliferation and survival.[@R18]

Obesity and Adipose Tissue Macrophages
======================================

Macrophage infiltration is a common feature in inflamed or obese AT. In obese mice, macrophage numbers increase 3- to 5-fold compared with lean mice and can comprise up to 50% of all cells within a visceral AT depot.[@R19] The same is true in humans where a 3-fold increase in the number of ATMs has been observed in AT from obese subjects.[@R19] The cellular and molecular mechanisms leading to macrophage recruitment in AT of obese subjects are becoming clear (for an excellent review, see Dalmas et al.).[@R20] For example, adipocyte hypertrophy causes adipocyte dysfunction and FFA release. FFAs serve as ligands for the Toll-like receptor-4 (TLR-4) expressed by macrophages and adipocytes.[@R21] Macrophages might therefore be mobilized in order to scavenge released FFAs. Indeed, it has been shown that deficiency of myeloid TLR-4 can result in reduced macrophage infiltration.[@R22]

In obese subjects, adipocytes increase in size by hypertrophy. Adipocyte hypertrophy can lead to adipocyte death, which may be an early stimulus for macrophage recruitment even though the cause of adipocyte death is not entirely clear.[@R21] One possibility is that hypertrophy causes rupture of the fragile adipocyte membrane leading to spillage of lipids.[@R23] Macrophages are then recruited to scavenge dead or dying cells and free lipid droplets. In good accord with this possibility, approximately 90% of all macrophages found in obese AT are localized to sites of necrotic-like death.[@R24] Crown-like structures (CLS) consisting of single or fused macrophages (i.e., multi-nucleated giant cells) may form in these necrotic areas. CLS are associated with obesity and are a signature of adipocyte dysfunction and a chronic inflammatory reaction.[@R24] Furthermore, hypoxia associated with necrotic areas within AT may directly stimulate adipocytes to upregulate inflammatory mediators including macrophage inhibitory factor (MIF), matrix metalloproteinases (MMP-2 and MMP-9), IL-6, Angplt4, PAI-1, VEGF and leptin.[@R25]

Prompted by the observation that monocytes/macrophages express the leptin receptor, Gruen et al. demonstrated that leptin acts as a potent chemoattractant for monocytes/macrophages in vitro.[@R26] Moreover, Lep^ob/ob^ and LepR^db/db^ mice, when compared with models of diet-induced obesity, had decreased numbers of macrophages.[@R21] In contrast, a recent study by Gutierrez and Hasty[@R27] demonstrated that hematopoietic deficiency of the leptin receptor did not affect macrophage accumulation in AT. It is possible that leptin affects macrophage recruitment into AT indirectly by upregulating endothelial cell adhesion molecules. For example, adipocyte-conditioned medium, as well as recombinant human leptin, increased platelet endothelial cell adhesion molecule (PECAM-1) and intercellular adhesion molecule (ICAM-1) expression by human AT endothelial cells which in turn increased chemotaxis of blood monocytes.[@R28] This paradigm is supported by the observed increase in AT expression of ICAM-1 within three weeks of high-fat feeding in mice.[@R29]

Chemokines also regulate macrophage recruitment to AT, particularly in inflamed AT associated with obesity. For example the level of MCP-1 produced by AT is increased during obesity; however, it is still controversial whether MCP-1 and its receptor CCR2 play significant role in macrophage recruitment into AT.[@R21] Whereas MCP-1 overexpression, under control of the adipocyte P2 (aP2) promoter increases the number of macrophages within AT and leads to insulin resistance and glucose intolerance,[@R30] experiments with MCP-1^−/−^ and CCR2^−/−^ mice yielded inconsistent results.[@R21]

M1 vs. M2 Macrophage Polarization
=================================

Obesity leads to an increase in macrophage numbers and phenotypic/morphological changes in ATMs. In general, tissue-resident macrophages are relatively quiescent but continuously "sample" the microenvironment through phagocytosis. However, following perturbations in the local microenvironment, macrophages can assume a range of different phenotypes.[@R31] After stimulation with interferon gamma (IFN-γ) alone or in combination with TLR ligands (e.g., LPS), macrophages acquire the M1, classically activated phenotype and secrete pro-inflammatory cytokines (e.g., TNF-α, IL-6 and IL-1β) that contribute to insulin resistance. They also generate reactive oxygen species such as nitric oxide via activation of inducible oxide synthase (iNOS). On the other hand, alternatively activated M2 macrophages, induced by exposure to IL-4 and IL-13, produce arginase that blocks iNOS activity and stimulates production of ornithine, a precursor of hydroxyproline and polyamines. M2 macrophages also secrete anti-inflammatory cytokines including IL-10, TGF-β, IL-1 receptor agonist-a (IL-1Ra) and IL-4.[@R32] Using CD11c expression as an M1 marker, Lumeng et al.[@R33] found that high fat diet-induced obesity in lean mice caused a switch in ATMs from the M2 phenotype to the proinflammatory M1 phenotype. Moreover, conditional bone marrow depletion of CD11c^+^ cells in obese mice led to normalization of insulin sensitivity indicating a link between inflammation and insulin resistance.[@R34]

In addition to attracting macrophages, FFAs released from hypertrophied adipocytes might drive M1 polarization of ATMs. Is has been shown that FFAs induce inflammatory changes in macrophages through NFκB activation in vitro.[@R35] Interestingly, Cani et al. found increased circulating levels of LPS in obese mice.[@R36] A high-fat diet led to significant modulation of dominant bacterial populations within the intestinal microbiota by increasing the number of Gram-negative bacteria following LPS translocation from the gut. Additionally, LPS-infused lean mice displayed a metabolic phenotype similar to one from high-fat fed mice with increased numbers of ATMs, AT inflammation and insulin resistance.[@R36] Decreased adiponectin secretion in obesity might also contribute to M1 polarization of ATMs.[@R37] For example, peritoneal and AT-associated macrophages isolated from adiponectin knockout mice displayed increased M1 and decreased M2 markers. Moreover, adiponectin increased expression of M2 markers in stimulated human macrophages.[@R37]

A "phenotypic switch" model proposed by Lumeng et al.[@R33] has been challenged by several studies in which macrophages with mixed M1/M2 phenotypes were found in obese adipose tissue of both mice and human.[@R38]^,^[@R39] For example, human ATMs from obese AT were found to express markers of M2 macrophages including the mannose receptor (MR), CD163, integrin αvβ5 and anti-inflammatory cytokines (IL-10 and IL-1Ra) together with markers of M1 macrophages such as pro-inflammatory cytokines TNF-α, IL-6, IL-1, MCP-1 and macrophage inflammatory protein-1 (MIP-1a).[@R38] Given the recognized tumor-promoting function of macrophages, Mayi et al. investigated whether ATMs might contribute to the link between obesity and cancer.[@R40] Indeed, as revealed by comparable gene expression profiles, ATMs resembled human tumor-associated macrophages (TAMs). Expression of angiogenic factors, chemokines, cytokines, proteases and growth factors, which are also actively secreted by TAMs, was increased in ATMs vs. control monocyte-derived macrophages (MDMs).[@R40]

Tumor-Associated Adipose Tissue and Macrophages
===============================================

Solid tumors harbor a higher number of macrophages compared with normal, counterpart tissues. TAMs may comprise up to 50% of the tumor cell mass.[@R41] The majority of TAMs are suggested to resemble M2 macrophages, which create a permissive microenvironment for tumor growth and metastasis. TAM infiltration correlates with poor prognosis in cancers of the breast, cervix, bladder and brain.[@R42]

Most TAMs are derived from monocytes in the blood and are recruited by a diverse repertoire of chemokines and growth factors including MCP-1 and colony-stimulating factor-1 (CSF-1). Once recruited to tumors, monocytes differentiate into macrophages in response to factors such as M-CSF and GM-CSF and accumulate in avascular and necrotic areas.[@R43] Although it was initially thought that malignant cells were the predominant source of pro-angiogenic mediators, it is now recognized that TAMs and other pro-inflammatory cells express abundant angiogenic factors including VEGF, GM-CSF, IL-1, IL-6 and TNF-α.[@R11] Thus, TAMs play major role in the regulation of tumor angiogenesis by stimulating the growth and migration of vascular endothelial cells.

Cross-talk between adipocytes and cancer cells has been understudied compared with other stromal cells within the tumor microenvironment. To date most knowledge about adipocytes has been derived from studies of breast cancer.[@R44]^,^[@R45] Human breast tumor biopsies are most often totally devoid of adipocytes in the tumor center. The ones present at the invasive front of the tumor are however morphologically changed. They exhibit reduction in size and changes in shape from polyhedral cells to more rounded.[@R46] As shown by Dirat et al., cancer cells strikingly alter adipocyte function and vice versa.[@R47] So called "cancer-associated adipocytes" (CAAs) exhibited a modified phenotype such as delipidation, decreased adipocyte marker expression and overexpression of proteases and pro-inflammatory cytokines. Interestingly, CAAs stimulated tumor cell invasiveness as shown by increased numbers of lung metastases after cancer cell incubation with CAAs followed by intravenous injection. Kushiro et al. found that adipocyte-conditioned medium increased the invasive ability of B16BL6 melanoma cells by promoting epithelial-to-mesenchymal transition (EMT) and downregulating the adhesive protein E-cadherin and metastasis suppressor Kiss1.[@R48]

Recently, we found that AT juxtaposed to implanted tumors exhibited reduced adipocyte size, extensive fibrosis, multiple blood vessels and a dense macrophage infiltrate.[@R49] Using syngeneic B16F10 mouse melanoma as a model, we isolated and characterized the tumor-associated adipose tissue ([Fig. 1Aa](#F1){ref-type="fig"}). Histological analysis revealed striking changes in adipocyte morphology and numerous CD11b^+^ inflammatory cells ([Fig. 1Ab--e](#F1){ref-type="fig"}). We isolated these CD11b^+^ cells from tumor-associated AT and found they were characterized as "mixed" based on the expression of M1 (e.g., NOS2 and MCP-1) and M2 (e.g., arginase, VEGF, CD163 and CD301) markers. Most CD11b^+^ cells were clustered within fibrotic areas and crowded near the periphery of blood vessels. Tumors implanted directly into a subcutaneous WAT depot grew more rapidly and were more vascularized compared with tumors implanted in an anatomical site devoid of a WAT depot. We performed protein expression arrays of tumor-associated AT and found that IL-6 was strikingly upregulated and stimulated endothelial cell proliferation. TIMP-1 and the chemotactic factors CXCL1, MCP-1 and MIP-2 were also highly overexpressed in tumor-associated AT. The mixed M1/M2 macrophage phenotype we observed in tumor-associated AT may not be surprising. As shown by Willenborg et al.,[@R50] macrophages and their monocytic progenitors present during the early stages of repair after excision skin injury were found to overexpress both mediators associated with M1 (i.e., IL-6, NOS2 and IL-1β) and M2 (i.e., arginase, VEGF, PIGF and Tie2) macrophage activation. Later stages of repair skew macrophages toward the M2 phenotype as revealed by expression of anti-inflammatory IL-10 and scavenger receptors CD163 and CD301.

![**Figure 1.** Characteristics of tumor-associated adipose tissue. Representative photograph of adipose tissue (AT) juxtaposed to subcutaneously-implanted B16F10 mouse melanoma (**Aa**). Hematoxylin-eosin histological examination of normal AT (**Ab**) and tumor-associated AT (**Ac**) revealed reduced adipocyte size in tumor-associated AT together with numerous, dilated blood vessels and extensive fibrosis. Yellow arrowheads identify blood vessels. Size bar, 50 µm (**Ab--c**). Immunohistochemical analysis revealed massive infiltration of CD11b^+^ cells surrounding blood vessels in tumor-associated AT. Yellow arrowhead identifies a blood vessel. Size bar, 25 µm (**Ad--e**). Proposed model of interactions between adipocytes, macrophages and vascular endothelial cells within tumor-associated AT using vertical growth-phase melanoma as a model (**B**). The mass of tumor cells may cause rupture of fragile adipocyte membrane leading to cell death and release of lipids. Free lipids are scavenged by macrophages. Furthermore, in the presence of tumor-derived factors, adipocytes may dedifferentiate into fibroblast-like cells and preadipocytes are mobilized to replace dead or dying adipocytes. The lipid-laden, "activated" macrophages instigate an inflammatory response, which further contributes to fibrosis and extracellular matrix (ECM) deposition. New ECM creates scaffolding for blood vessels and factors such as MCP-1, VEGF and IL-6, secreted by activated macrophages, stimulate angiogenesis and further macrophage recruitment.](adip-2-67-g1){#F1}

Recent evidence suggests that metabolism might also contribute to the control of macrophage activation in response to cues derived from the tissue microenvironment (for an excellent review, see Biswas and Mantovani).[@R51] For example, M1 macrophages, upon IFNγ activation, express high levels of Ferritin (involved in iron storage) and low levels of Ferroportin (involved in iron export). In contrast, M2 macrophages demonstrate a Ferritin^low^Ferroportin^high^ phenotype. Thus, M1 macrophages by sequestering iron, support tumorstatic activity, since iron is indispensable for DNA synthesis. Conversely, M2 macrophages would favor tumor growth.[@R51]

Taken together, a model of the tumor microenvironment that includes input and cross-talk between cancer cells, adipocytes, macrophages and vascular cells is emerging. It has been proposed that subcutaneous AT may contribute to the vertical growth phase of primary melanomas by the production of growth factors.[@R52] Moreover, the presence of fat cells within melanomas correlates with both increased metastatic potential and poor prognosis.[@R53] Using vertical growth phase melanoma as a paradigm, in one scenario, recruitment of macrophages into tumor-associated AT may be stimulated by dysfunctional, dead, or dying adipocytes ([Fig. 1B](#F1){ref-type="fig"}). Once recruited, macrophages involved in inflammatory processes resembling foam-cell formation in atherogenic plaques are trapped and become resident macrophages that locally promote growth, angiogenesis and tumor progression by releasing inflammatory cytokines and pro-angiogenic factors.

Perspective
===========

While cancer cells are primarily dependent on cell-autonomous mutations resulting in their immortality, tumor growth beyond a few millimeters requires collaboration with stromal cells. For example, fibroblasts, pro-inflammatory cells and vascular cells coalesce to create a permissive microenvironment that allows tumor cells to grow and metastasize. Adipocytes have been largely over-looked as a contributor to these processes, but several recent studies have begun to elucidate how adipocytes might contribute to tumor progression. Particularly in breast tumors which growth within or in close proximity to adipocytes or lymph node metastases, which are surrounded by adipose tissue, tumor cell-to-adipocyte interactions may play important roles in angiogenesis and inflammation. Collectively, recent studies suggest that AT is a "non-trivial" dynamic partner in tumor biology that should be explored in more detail to better understand processes related to tumor progression, inflammation and angiogenesis.

From our perspective, there are multiple prevailing and unanswered questions regarding the role of adipocytes in different tumor microenvironments. First, how do different types of adipocytes (WAT vs. BAT) affect tumor progression? The recent revelation that BAT persists into adult life at least raises the possibility that tumor cells could interact with BAT in a tissue-specific context that is different from WAT.[@R54] Second, how does fatty acid composition affect macrophage recruitment/polarization? Polyunsaturated fatty acids have been shown to reduce macrophage recruitment to AT whereas saturated fatty acids mediate inflammatory cytokine production.[@R21] Thus, the well-established link between inflammation and cancer highlights the potential importance of including dietary interventions targeted at reducing inflammation into therapeutic strategies. Third, what is the nature of adipocyte-derived chemo-attractant signals that promote recruitment and polarization of monocytes into TAMs or ATMs? While stimuli such as TNF and hypoxia are well-known to "educate" macrophages, it is less-understood if free lipids or FFAs in tumor-associated adipose tissue can affect macrophage polarization or recruitment. Finally, how might alterations in tumor-associated adipocytes directly affect the functions of nearby vascular endothelial cells? Adipose tissue is one of the most vascularized tissues in the body and there is an intimate association between vascular cells and adipocytes. In tumors, changes in the expression of adipocyte-derived adipokines or dysfunctional adipocyte metabolism might directly affect the associated vasculature. Thus, the partnership between adipocytes and vascular cells could substantially contribute to processes related to inflammation and tumor development, particularly in breast cancer. A better understanding of the complex alliance between cancer cells, adipocytes, inflammatory cells and vascular cells will further elucidate how the tumor microenvironment fuels tumor growth and how obesity and cancer are linked.
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